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Orthodenticle-related (Otx) proteins are a highly conserved class of homeobox-containing transcription factors found in a
wide range of organisms. They function in numerous developmental events, most prominently, anterior head patterning
in insects and vertebrates. In the sea urchin, Strongylocentrotus purpuratus, an orthodenticle-related protein called SpOtx
is believed to direct the activation of the aboral ectoderm-speci®c Spec2a gene and more generally the differentiation of
aboral ectoderm cells. To learn more about the structure, expression, and function of SpOtx and compare its properties
with those of orthologs from other species, we isolated cDNA and genomic clones containing SpOtx sequences. Here, we
report that SpOtx exists in two forms (a and b) that are generated by alternative RNA splicing from a single SpOtx gene.
SpOtx(a) and SpOtx(b) had identical C-termini and homeoboxes but were entirely different in their N-terminal domains.
SpOtx(a) mRNAs were transcribed from a single start site and accumulated in all cells during cleavage, but were gradually
concentrated in oral ectoderm and vegetal plate territories during gastrulation. In contrast, three distinct SpOtx(b) mRNAs
resulted from two separate transcriptional initiation events, and these transcripts began to accumulate at mesenchyme
blastula stage primarily in ectoderm and then later were largely restricted to oral ectoderm and vegetal plate territories.
DNA-binding activity for SpOtx(b) appeared later in development than SpOtx(a). Overexpression of SpOtx(a) and SpOtx(b)
induced in sea urchin embryos by mRNA injection demonstrated that SpOtx(a) was able to repress the accumulation of
SpOtx(b) transcripts, whereas SpOtx(b) had no effect on the accumulation of SpOtx(a) transcripts. These results demon-
strate that novel forms of Otx are produced in sea urchins by differential promoter utilization and alternative splicing. It
may be that similar regulatory mechanisms lead to diverse forms of Otx in vertebrates. q 1997 Academic Press
INTRODUCTION lectivity (Krumlauf and Gould, 1992; Wilson and Desplan,
1995; Zhu and Kuziora, 1996; Yu et al., 1997). The func-
tional diversity required to ensure this high degree of ob-Homeobox-containing transcription factors regulate a
served speci®city arises by sequence divergence and byvast number of developmental events in all multicellular
changes in the expression patterns of individual homeobox-organisms (Gehring et al., 1994; Manak and Scott, 1994;
containing genes.Stein et al., 1996). An impressive but not well understood
Gene duplication is a well-described mechanism for gen-property of these proteins is their ability to perform highly
erating functional diversity among homeobox-containingselective roles in spite of their broad DNA binding speci®c-
proteins (Manak and Scott, 1994). Sequence variationity around the core sequence TAAT (Scott et al., 1989; Wil-
within the homeobox and elsewhere along the moleculeson et al., 1993; Gehring et al., 1994). It is now clear that
provides the opportunity to evolve distinct regions for inter-interactions among homeobox-containing proteins as well
acting with speci®c DNA target sites and coactivator pro-as between homeobox-containing proteins and other factors
teins. Moreover, changes in expression patterns from theare an important feature in establishing transcriptional se-
ancestral gene can occur over evolutionary time allowing
for expression in new cell types.
The so-called bicoid class of homeobox-containing pro-1 To whom correspondence should be addressed.
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teins, which includes bicoid, goosecoid, and orthodenticle, derm (Mao et al., 1996). SpOtx thus has the potential to
alter normal embryo cell fate.recognizes a speci®c DNA sequence by virtue of a lysine in
position 9 of the third helix (position 50 of the homeobox) While investigating the expression patterns of SpOtx in
sea urchins, we observed that two size classes of SpOtx(Hanes and Brent, 1989, 1991; Treisman et al., 1989; Wilson
et al., 1993). This lysine confers speci®city for the sequence transcripts accumulated with different kinetics during em-
bryogenesis (Gan et al., 1995). Although the origin of theseTAATCC/T, and replacing another amino acid in this posi-
tion with lysine or conversely replacing lysine with another transcripts was unclear, we thought it likely that the two
SpOtx transcript classes represented the sea urchin counter-amino acid has profound effects on DNA binding, gene ex-
pression, and normal development (Schier and Gehring, parts of the two vertebrate Otx genes. This turns out not
to be the case. We show in this study that at least four1992). More than DNA-binding site speci®city, however, is
required to explain the diverse roles that these proteins play different SpOtx mRNAs accumulate during sea urchin em-
bryogenesis, all stemming from a single SpOtx gene. Thesein development.
Within the bicoid class are the orthodenticle-related (Otx) mRNAs arise by differential promoter utilization and alter-
native splicing and code for two different SpOtx proteins,proteins, which have been identi®ed in several species based
on their highly similar homeoboxes (Finkelstein and Bonci- differing only in their N-terminal regions. SpOtx mRNAs
and proteins have distinct temporal and spatial expressionnelli, 1994; Gan et al., 1995; Li et al., 1996). These proteins
have been shown to be essential for patterning the anteri- patterns and may have separate functions in development.
It is possible that the mechanisms that generate differentormost aspects of the brain in insects and vertebrates (Fin-
kelstein and Boncinelli, 1994), and in Drosophila, orthoden- SpOtx forms in sea urchins also occur in other organisms,
allowing for additional diversity in the Otx protein family.ticle is also required for normal development of the ventral
epidermis (Wieschaus et al., 1993). Comparisons among dif-
ferent organisms indicate that gene duplications have oc-
curred during evolution to produce genomes with two Otx
MATERIALS AND METHODSgenes. Thus, Drosophila has a single orthodenticle gene,
whereas the short-germ-band beetle Tribolium castaneum
has two orthodenticle genes (Tc otd-1 and Tc otd-2) (Li et Isolation and Characterization of SpOtx Genomic
al., 1996). A separate duplication event appears to have cre- and cDNA Clones
ated the Otx1 and Otx2 genes in vertebrates. Based on differ-
Two oligonucleotides, spob-20f (5*-CTG GAT CAT TCT GCCences in expression patterns and knockout phenotypes,
TTG AC-3*) and spob-170r (shown in Fig. 2B), were designed basedOtx1 and Otx2 appear to play different roles in mouse devel-
on a sequence corresponding to the N-terminal region of HpOtx2,opment (Simeone et al., 1992; Matsuo et al., 1995; Acamp-
an Otx ortholog from the sea urchin Hemicentrotus pulcherrimusora et al., 1995, 1996), and this may also be the case for the
(Sakamoto et al., 1997). RT±PCR was performed using these prim-
two Tribolium otd genes (Li et al., 1996). ers and RNA isolated from S. purpuratus blastula-stage embryos.
In this report, we identify a second mechanism distinct This resulted in the ampli®cation of a 167-bp fragment that was
from gene duplication for creating diversity in the structure used as a probe to screen an S. purpuratus 44-hr cDNA library in
and expression of Otx genes. We have presented evidence lZAP. Seventeen positive cDNA clones were selected from 3 1 105
recombinant phages; after which the positive clones were recoveredelsewhere indicating that an orthodenticle-related protein
by plasmid rescue into pBluescript (SKII/) and sequenced.called SpOtx is associated with the activation of aboral ecto-
Probes representing the 5* untranslated regions of SpOtx(b-1)/derm-speci®c genes and the differentiation of aboral ecto-
SpOtx(b-2) or SpOtx(b-3), or probes representing the N- and C-derm cells in the sea urchin Strongylocentrotus purpuratus
terminal regions of SpOtx(a) were used to screen an S. purpuratus(Gan and Klein, 1993; Mao et al., 1994; 1996; Gan et al.,
genomic library in lFixII (kindly provided by E. Davidson, Califor-1995). Multiple Otx sites present within the enhancer re-
nia Institute of Technology). Following the protocol of Stratagene,
gion of the aboral ectoderm-speci®c Spec2a gene are both Escherichia coli strain XL1-Blue MRA (P2) was used to titer the
necessary and suf®cient for expression in aboral ectoderm phage stock. NZY plates (150 mm) were plated with 8 ml of top
cells, implicating SpOtx as a cell-type-speci®c transcrip- agar/plate containing 600 ml of infected host cells (A600  0.5) at 5
tional activator. However, because SpOtx is in the nuclei 1 104 plaque forming units (pfu)/plate. The plates were incubated
at 377C for 10 hr, chilled at 47C for 2 hr, after which the resultingof all cells at the time the Spec2a gene is activated, we have
plaques were transferred to duplicate nitrocellulose ®lters. The ®l-hypothesized that additional factors must interact with
ters were denatured in 1.5 M NaCl, 0.5 M NaOH for 2 min andSpOtx to confer aboral ectoderm speci®city (Mao et al.,
neutralized in 1.5 M NaCl, 0.5 M Tris±HCl (pH 8.0) for 5 min.1996). Recent evidence suggests that SpOtx is also required
DNA was crosslinked to the neutralized ®lters by UV irradiationfor the activation of the Endo16 gene in endodermal progen-
and retained at 47C until used for hybridization. Approximately 106itor cells (Yuh et al., 1994; C. Yuh and E. H. Davidson,
pfu was screened with the SpOtx(b) sequences, and 14 positive
personal communication). Consistent with its role in aboral clones were selected using the probe from SpOtx(b-1)/SpOtx(b-2).
ectoderm differentiation, overexpression of SpOtx induced The same ®lters were stripped and screened with the SpOtx(b-3)
by microinjection of SpOtx mRNA into sea urchin eggs probe. Nine positive clones were obtained that did not overlap with
results in a drastic morphological alteration whereby all the SpOtx(b-1)/SpOtx(b-2)-positive clones. In a separate screening,
six positive clones were identi®ed using the SpOtx(a) probes. Allcells of the embryo display the characteristics of aboral ecto-
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positive clones were characterized by restriction mapping and se- (450 nt) and SpOtx(b1) (400 nt), 5 1 108 dpm/ng. Autoradiographic
exposure times were 3 weeks.quencing.
Generation of SpOtx(a) and SpOtx(b) Antibodies5* Rapid Ampli®cation of cDNA Ends (RACE)
Mapping of SpOtx(a) and SpOtx(b) cDNA Clones To generate antibodies speci®c for SpOtx(a) or SpOtx(b) proteins,
PCR fragments corresponding to codons 1±125 of SpOtx(a) andTo obtain full-length SpOtx(b) cDNA sequences, poly(A) RNA
codons 1±50 of SpOtx(b) were cloned into pET-32a(/) (Novagen)prepared from mesenchyme blastula-stage embryos was used as
to make thioredoxin- and histidine-tagged fusion proteins (Novytemplate for reverse transcription primed by spob-170r. The ®rst-
et al., 1995). The pET-32a(/) vector was modi®ed by introducingstrand cDNA was treated with 0.15 M NaOH for 15 min to hy-
a translational stop codon just before the second histidine tag todrolyze the RNA and then puri®ed by centrifugation through a
decrease the number of histidine residues in the fusion proteinsMillipore Ultrafree 30,000 NMWL ®lter at 2000g for 10 min. A
and thus make elution from the af®nity column more ef®cient.poly(A) tail was added to the 5* end of the cDNA using terminal
The fusion proteins were expressed in E. coli strain BL21(DE3)transferase. Second-strand cDNA synthesis was accomplished by
under IPTG induction and af®nity puri®ed on a Ni±NTA column.the extension of an anchor primer (Schaefer, 1995) (QT: 5*-CCA
The puri®ed fusion proteins were used to immunize rabbits, andGTG AGC AGA GTG ACG AGG ACT CGA GCT CAA GCT TTT
serum was collected 8 weeks later.TTT TTT TTT TTT TTT-3*) that contained a Q0 primer (5*-CCA
GTG AGC AGA GTG ACG-3*), a Q1 primer (5*-AGG ACT CGA
GCT CAA GCT-3*), and a poly(dT) tail. The double-stranded
Immunoblot Analysis of SpOtx(a) and SpOtx(b)cDNAs were then ampli®ed by PCR using spob-20r and Q0 primers.
ProteinsA second round of PCR was performed to amplify SpOtx(b-1)/
SpOtx(b-2)-speci®c 5* cDNA using spob-17UTRr and the Q1 Total protein extracts from staged embryos were separated by
primer. Similarly, the SpOtx(b-3)-speci®c 5* cDNA was ampli®ed SDS±PAGE and transferred to nitrocellulose ®lters by incubation
by PCR using spob-6UTRr and the Q1 primer. SpOtx(a)-speci®c 5* in blocking buffer (3 mg/ml BSA, 0.5% Tween 20) for 1 hr. Antibod-
cDNA was also generated by RACE using the same approach as ies or preimmune serum diluted 1:500 was added, and the ®lters
described above and SpOtx(a)-speci®c primers described below. were gently shaken for 2 hr at room temperature. After a wash
DNA fragments ampli®ed by PCR were cloned and sequenced to with blocking buffer, the ®lters were incubated with goat anti-
identify the transcriptional initiation sites. rabbit IgG horseradish peroxidase conjugate (diluted 1:500) (Bio-
Rad) for 1 hr, followed by three washes with blocking buffer and
one wash with 11 PBS. Reactive proteins were visualized by stain-
Northern and RNase Protection Analysis of SpOtx ing the ®lters with horseradish peroxidase substrate.
mRNAs
Total RNA was prepared from S. purpuratus embryos at different Electrophoretic Mobility Shift Assaysdevelopmental stages (Gan et al., 1995), and poly(A) RNA was puri-
®ed using an mRNA puri®cation kit (Pharmacia). Northern blot Nuclei and nuclear extracts were prepared as described pre-
hybridization was performed as described in Gan et al. (1995). Po- viously (Gan and Klein, 1993). An oligonucleotide probe containing
ly(A) RNA from 12-, 27-, and 44-hr embryos were hybridized with an Otx site from the Spec2a gene control region was generated
a 2.3-kb SalI fragment from the SpOtx(a) cDNA. The 27-hr poly(A) following the procedure described in Gan and Klein (1993). Approxi-
RNA was also hybridized with probes speci®c for SpOtx(b-1)/ mately 2 mg of nuclear extract from embryos at the cleavage,
SpOtx(b-2), a probe speci®c for SpOtx(b-3), and a probe speci®c for hatched blastula, mesenchyme blastula or gastrula stage was incu-
all SpOtx(b) forms. bated with the Otx probe (104 cpm) in 12% glycerol, 20 mM Hepes
RNase protection assays were performed following the instruc- (pH 7.9), 5 mM MgCl2, 100 mM KCl, 1 mM DTT, and 1 mg poly(dI±
tions provided with the RPAII kit (Ambion). Probes speci®c for dC) in a total volume of 15 ml for 20 min at 47C. Some incubations
SpOtx(a), SpOtx(b-1)/SpOtx(b-2), and SpOtx(b-3) (Fig. 1A) were included SpOtx(a) or SpOtx(b) antibodies. The reaction mixtures
generated using a T3/T7 MAXI kit (Ambion). An 82-bp human 18S were loaded onto a 5% polyacrylamide gel prerun in 11 TBE and
ribosomal RNA probe was generated as an internal standard using electrophoresed at 47C. The DNA±protein complexes were visual-
the pT7 RNA 18S plasmid and the T7 MEGA kit (Ambion). Autora- ized by autoradiography on Kodak BioMax ®lm.
diographic images were scanned by a Umax PowerLook II scanner,
and the NIH-Image program was used to normalize the data to the
18S ribosomal RNA standard to allow quantitative analysis. Microinjection of SpOtx(a) and SpOtx(b) mRNAs
into Sea Urchin Eggs
To generate DNA templates for in vitro RNA synthesis, SpOtx(a)In Situ Hybridization of SpOtx(a) and SpOtx(b)
and SpOtx(b-1) cDNA clones were linearized with BamHI. The 5*-Transcripts
capped mRNA was synthesized using the mMESSAGE mMACHINE
kit (Ambion) as described in the kit's instruction manual. The RNAsIn situ hybridization was carried out as described previously (An-
gerer et al., 1987) using 33P-labeled riboprobes and 5-mm sections were passed through a Sephadex G-50 column to separate the unincor-
porated cap analog (m7G(5*)ppp(5*)G) and free nucleotides. After pre-of S. purpuratus embryos at selected developmental stages. To com-
pensate for differences in target mRNA abundances and probe com- cipitating with isopropanol, the RNA pellets were resuspended in
diethylpyrocarbonate (DEPC)-treated H2O. The concentration was es-plexities, the speci®c activity of the probes was adjusted as follows:
Spec2a probe (220 nt; Hardin et al., 1988), 21 105 dpm/ng; SpOtx(a) timated by the FastCheck Nucleic Quanti®cation System (GIBCO-
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BRL). Microinjection of RNA into S. purpuratus eggs was carried out quence differences upstream of the homeobox (Fig. 1A).
as described by Mao et al. (1996). The eggs were collected and treated Most notably, one clone, originally identi®ed by us as
with pH 5.0 seawater for 1.5 min to remove the jelly coat. The eggs SpOtx, had a different sequence encoding its N-terminal
were then attached to protamine sulfate-coated 30-mm petri dishes, region than the other three clones. The differences in these
fertilized in situ with a few drops of diluted sperm, and injected with
clones implied that two distinct SpOtx proteins might be5±10 pl of 40% glycerol solution containing the desired RNA (1±2
present in S. purpuratus embryos. We refer to the originalmg/ml) by the constant ¯ow technique described by McMahon et al.
clone as SpOtx(a) and the others as SpOtx(b) to distinguish(1985). Total RNA was isolated from 30 control and mRNA-injected
them from the vertebrate Otx1 and Otx2 sequences. Theembryos 30 hr after injection using a single-step method (Chomczyn-
SpOtx(b) forms, while indistinguishable in their protein-ski and Sacchi, 1987). The extracted RNAs were suspended in 12 ml
of DEPC-treated H2O, and 10 ml of RNA per reaction was used to coding sequences, had differences in their 5* untranslated
synthesize cDNA using SuperScript reverse transcriptase (GIBCO- regions (Fig. 1A). RT±PCR using mesenchyme blastula-
BRL) and random hexamers. Five percent of the RT reaction was then stage RNA and sequence-speci®c primers derived from the
used for PCR. PCR contained 0.6mM concentrations of the appropriate 5* untranslated region of each SpOtx(b) clone along with a
primers, 1 mCi of [a-32P]dCTP, and 1.5 mM MgCl2. PCR ampli®cation primer derived from the homeobox region yielded productsconditions were 947C for 1 min, 577C for 1 min and 727C for 40 sec.
with the expected sizes and sequences, thus demonstratingAll ampli®cation reactions were linear. One-tenth of the product from
that all three clones were represented in the RNA popula-each reaction was resolved on polyacrylamide gels (6%).
tion (data not shown). SpOtx(b-1) and SpOtx(b-2) differed
by the insertion of a 298-bp sequence in the SpOtx(b-1) 84
bp upstream of the translational initiator codon, whereasRESULTS SpOtx(b-3) diverged in sequence from SpOtx(b-1) and
SpOtx(b-2) at the same point (Fig. 1A). These abrupt
Characterization of the SpOtx Gene in changes in sequence strongly suggested the presence of al-
S. purpuratus ternatively spliced exons within a single SpOtx gene.
To clarify the origin of the SpOtx cDNAs, we screenedPrevious work from our laboratory demonstrated that
an S. purpuratus genomic library with probes representingthere were at least two SpOtx transcripts in S. purpuratus,
different portions of the SpOtx sequences and identi®edone accumulating several hours earlier in development than
several genomic clones that represented a single contiguousthe other (Gan et al., 1995). Heterogeneity in Otx mRNAs
region of the genome (Fig. 1B). These results were consistentand proteins was also observed in another sea urchin spe-
with genomic Southern blot hybridization analyses that in-cies, H. pulcherrimus (Sakamoto et al., 1997). Using a probe
dicated SpOtx was a single-copy gene (unpublished results).generated from a previously characterized SpOtx cDNA,
None of the genomic clones isolated contained SpOtx se-Sakamoto et al. (1997) isolated two cDNA clones from H.
quences that were not part of this region, although it ispulcherrimus differing only in the 5* sequence upstream of
possible that more divergent relatives of SpOtx are presentthe homeobox. The 5* sequence of one of the H. pulcherri-
in the S. purpuratus genome.mus cDNAs was virtually identical to the SpOtx 5* se-
The genomic clones were characterized by Southern blotquence, whereas the other cDNA had a 5* sequence with
hybridization analysis using probes generated from theno similarity to SpOtx (Sakamoto et al., 1997). We used the
SpOtx(a) and SpOtx(b) cDNAs and by sequencing relevant5* region of the second H. pulcherrimus cDNA clone as a
DNA fragments. The SpOtx gene was 35 kb long and con-probe to screen S. purpuratus embryo cDNA libraries and
tained eight exons (Fig. 1B). The homeobox was containedidenti®ed several cDNA clones that were highly conserved
within exons 7 and 8, and the C-terminal sequence and 3*homologs of the H. pulcherrimus clone.
untranslated region were contained in exon 8. Exons 5 andThe S. purpuratus SpOtx cDNA clones fell into four
6 each had a consensus ATG initiator codon preceding anclasses (Fig. 1A). All four were virtually identical in their
open reading frame, although the reading frames were en-homeoboxes and sequences downstream, including their 3*
untranslated regions. However, each clone had marked se- tirely different for the two exons (Figs. 1 and 2). SpOtx(a)
FIG. 1. Multiple forms of SpOtx transcripts from a single SpOtx gene. (A) SpOtx(a) and SpOtx(b) cDNA clones. Each clone has its
individual exon structure represented by differences in the horizontal bars. ATG and TAA indicate the translational start and stop sites;
(A)n indicates the poly(A) tail found at the 3* end of each sequence. The position of the homeobox for each clone is indicated by a dotted
line below the clones. The probes used for RNase protection assays, Northern analysis, and in situ hybridization are indicated as solid
lines below the clones; numbers refer to length in base pairs. (B) SpOtx gene organization. Exons are indicated by the boxes numbered 1±
8 and correspond to exons shown in (A). Alternative splicing is represented by lines joining the exons. The intron between exon 1 and 2
is 390 bp. The size of all other introns are indicated in kilobases. The overlapping lFix genomic clones are represented by thin lines above
the gene. lFix-JK16 contains 90 bp of exon 4, and exons 5 and 6. lFix17-1 contains exons 3±5. A gap between lFix-JK16 and lFix-JK34
was identi®ed as 0.7 kb by PCR analysis. The three asterisks represent the independent transcriptional start sites for the a, b-1/2, and b-
3 transcripts, respectively.
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FIG. 2. Otx sequence comparisons. (A±C) 5* ends of SpOtx(a) (A), SpOtx(b-1)/SpOtx(b-2) (B), and SpOtx(b-3) (C). Rightward arrow above
each sequence indicates the 5* end of the transcript as determined by 5* RACE. Leftward arrows below each sequence indicate the
oligonucleotide primers used for 5* RACE, with the names of primers above the sequence. In (B), the putative TATAA box 33 bp upstream
of the transcriptional start site is in bold type, and the three Otx consensus sites found in the 5* untranslated region are boxed. (D)
Comparison of the N-terminal regions of SpOtx(a), SpOtx(b), and mouse Otx1 and Otx2. Black shading indicates identity with mouse
Otx1, gray shading indicates similarity. The numbers above the sequences refer to the amino acid positions in mouse Otx1. The downward
arrow indicates the beginning of the homeobox.
cDNA sequences were derived from exons 6±8; SpOtx(b- The sequences of the SpOtx 5* untranslated and N-termi-
nal coding regions upstream of the homeobox are shown in1) from exons 3±5, 7, and 8; SpOtx(b-2) from exons 3, 5, 7,
and 8; and SpOtx(b-3) from exons 1, 2, 5, 7, and 8 (Fig. 1B). Figs. 2A±2C. Comparisons between the N-terminal se-
quences of SpOtx(a) and SpOtx(b) showed no signi®cantSupporting the view that the differences in the SpOtx
cDNA clones represented alternative splicing, we found matches except for identity in the four amino acids (PPRK)
immediately preceding the homeobox (Fig. 2D). The PRKstrong consensus splice donor sites at the 3* borders of exons
1±7 and strong consensus acceptor sites at the 5* borders amino acids are also conserved in Otx genes in vertebrates
(Fig. 2D). The SpOtx(a) N-terminal sequence had no otherof exons 2, 4, 5, 7, and 8 (not shown).
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FIG. 2ÐContinued
signi®cant similarities to the corresponding regions of Otx 5* RACE Mapping of SpOtx Transcripts
genes from non-sea urchin species (Fig. 2D), although as
The sequences of the SpOtx cDNA clones and the struc-noted previously, some similarities were found in the C-
ture of the SpOtx gene suggested that SpOtx(a) transcrip-terminal region downstream from the homeobox (Gan et
tion began at exon 6, SpOtx(b-1) and SpOtx(b-2) transcrip-al., 1995). However, the N-terminal sequence immediately
tion began at exon 3, and SpOtx(b-3) transcription began atpreceding the homeobox of SpOtx(b) had signi®cant similar-
exon 1 (Fig. 1B). However, it was also possible that one ority to the corresponding regions in the vertebrate Otx1 and
more of the SpOtx cDNA clones we identi®ed were lackingOtx2 proteins (Fig. 2D). These comparisons suggested that
their leader exons. To de®ne the 5* ends of the SpOtx tran-SpOtx(b) was a direct ortholog of Otx1 and Otx2, whereas
scripts, we synthesized the appropriate primers forvertebrate orthologs of SpOtx(a), derived from the (a)-spe-
SpOtx(a), SpOtx(b-1), and SpOtx(b-3) and performed 5*ci®c exon 6 have not been reported. In summary, at least
RACE with cDNAs complementary to blastula-stage RNAfour different SpOtx mRNAs were generated at the SpOtx
(Figs. 2A±2C). All three transcripts had 5* ends within 50locus and they encoded two SpOtx proteins, differing only
in their N-terminal sequences. bp from the ends of their respective cDNA clones, consis-
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FIG. 2ÐContinued
tent with the hypothesis that there were three separate tran- 2) 5* untranslated region (Fig. 2B). The presence of these
Otx sites suggested that SpOtx(b-1)/SpOtx(b-2) transcrip-scriptional initiation sites on the SpOtx gene (Figs. 2A±2C).
A strong consensus TATAA box was found 39 bp upstream tion might be autoregulated or regulated by SpOtx(a). These
three consensus Otx sites are also present in the 5* untrans-of the SpOtx(b-1)/SpOtx(b-2) start site (Fig. 2B) but inspec-
tion of sequences a few hundred base pairs upstream of lated region of the HpOtx2 cDNA.
the SpOtx(a) and SpOtx(b-3) transcriptional initiation sites
revealed an absence of TATAA boxes or G/C-rich elements
SpOtx Transcript Accumulation duringsuggestive of a promoter (Figs. 2A and 2C). Thus, the cis-
Embryogenesiselements that de®ne the basal promoters of SpOtx(a) and
SpOtx(b-3) remain to be identi®ed. Interestingly, we found To learn more about SpOtx transcripts during em-
bryogenesis, we generated transcript-speci®c probes forthree consensus Otx binding sites (one in the reverse orien-
tation) clustered within 66 bp in the SpOtx(b-1)/SpOtx(b- RNase protection analysis and Northern blot hybridization
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roughly the same levels as SpOtx(b-1) transcripts and that
SpOtx(b-2) and SpOtx(b-3) transcript levels were sever-
alfold lower.
Spatial Expression Patterns of SpOtx(a) and
SpOtx(b) RNAs
Our initial investigations, which did not distinguish
among the different SpOtx transcripts, showed that SpOtx
RNAs were present in the unfertilized egg and remained
FIG. 3. Accumulation of SpOtx transcripts during S. purpuratus
development. The data are derived from RNase protection analyses
performed with SpOtx(a)- and SpOtx(b)-speci®c probes as depicted
in Fig. 1A and are normalized to peak values. See Materials and
Methods for further details.
(see Fig. 1A). RNase protection analysis with probes that
distinguished SpOtx(a) transcripts from SpOtx(b) tran-
scripts showed that SpOtx(a) transcripts were present in
the unfertilized egg, accumulated three- to fourfold during
the cleavage stages (1 to 12 hr postfertilization), and then
decreased four- to ®vefold in later development (20 to 72 hr
postfertilization) (Fig. 3). In contrast, SpOtx(b) transcripts
were not found in the egg but began accumulating at the
early cleavage stage (4 hr), reached peak levels at the early
gastrula stage (36 hr), and remained at those levels through-
out the rest of embryogenesis (Fig. 3). These results clearly
established distinct temporal expression patterns for the
SpOtx(a) and SpOtx(b) RNAs.
Northern analysis with a probe that recognized all SpOtx
transcripts showed a single prominent hybridizing band
with RNA from late cleavage-stage embryos (12 hr) (Fig.
4A). Based on the RNase protection experiments, this band
represented SpOtx(a) mRNA, whereas the SpOtx(b) tran-
scripts were barely detectable. By mesenchyme blastula
stage (27 hr), the pattern was reversed so that SpOtx(a) band
had decreased in intensity and the SpOtx(b) bands observed
above and below the SpOtx(a) transcripts became more in-
tense (Fig. 4A). This pattern persisted to the gastrula stage
(44 hr). Probes that distinguished SpOtx(b-1)/SpOtx(b-2)
from SpOtx(b-3) revealed speci®c transcripts for the three
FIG. 4. Identi®cation of distinct SpOtx transcripts. (A) Northerndifferent SpOtx(b) forms at the mesenchyme blastula stage
analysis using a probe common to all SpOtx transcripts. Arrows(Fig. 4B). The sizes of all the SpOtx(a) and SpOtx(b) mRNAs
point to the predicted sizes of 4.2 kb for SpOtx(b-1) and 4.0 kb for
closely matched the sizes predicted from the cDNA clones. SpOtx(a), SpOtx(b-2), and SpOtx(b-3). (B) Northern analysis with
Although we have not quanti®ed our results, estimations SpOtx(b)-speci®c probes. The SpOtx(b-3) probe hybridizes to a 4.0-
of transcript abundance from these analyses based on signal kb transcript; the SpOtx(b-1) probe hybridizes to a 4.2-kb transcript
intensities with identically labeled probes suggested that, [SpOtx(b-1)] and a 4.0-kb transcript [SpOtx(b-2)]; the common
SpOtx(b) probe hybridizes to all three b forms.relative to peak levels, SpOtx(a) transcripts were present at
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FIG. 5. In situ hybridization to sections of S. purpuratus embryos hybridized with antisense 33P-labeled riboprobes. (a±d) SpOtx(a); (f±
i) SpOtx(b-1); (e, j) Spec2a. Selected stages shown are: (a, f) 16-cell; (b, g) 15 hr, 200-cell early blastula; (c, h) 24 hr, 400-cell mesenchyme
blastula; (d, e, i, j) 35 hr 700-cell midgastrula. (d) and (e) or (i) and (j) show immediately adjacent 5-mm sections for comparison of Spec2a
mRNA patterns (e, j) to those of SpOtx(a) (d) and SpOtx(b-1) (i), respectively. Different tissues are labeled in the panels to the right (e, j)
as follows: aoe, aboral ectoderm; oe, oral ectoderm; en, endoderm. The arrowheads mark the vegetal side of the embryo, pointing to the
micromeres (a, f), the vegetal plate (c, h), and the invaginating archenteron (d, e). The orientation in sections shown in (b) and (g) is
unknown. The bar in (a) represents 10 mm.
uniformly distributed until the early blastula stage, when Using whole-mount in situ hybridization, Ransick and
Davidson have demonstrated similar spatial expression pat-they gradually became restricted to oral ectoderm and endo-
derm cells (Gan et al., 1995). We extended this analysis terns for SpOtx(a) and SpOtx(b) transcripts (personal com-
munication). In these experiments, it appeared that at thewith one probe speci®c to SpOtx(a) RNA and another to
SpOtx(b-1)/SpOtx(b-2) RNA (see Fig. 1A). The SpOtx(a)- mesenchyme blastula stage, SpOtx(a) transcripts were pres-
ent at higher levels in vegetal plate cells than oral ectoderm,speci®c probe showed that SpOtx(a) transcripts were in all
cells of 16- and 120-cell embryos (5 and 15 hr, respectively) while the converse appeared to be the case for SpOtx(b)
transcripts.(Figs. 5a and 5b). By the mesenchyme blastula stage, signals
were evident throughout the embryo, although biased in
the animal and vegetal regions (Fig. 5c). This pattern was
maintained at the gastrula stage, where SpOtx(a) tran- Analysis of SpOtx(a) and SpOtx(b) DNA-Binding
scripts were largely restricted to the gut and oral ectoderm Activity during Development
(Fig. 5d). During the period when localization to the endo-
To begin to characterize the properties of the differentderm and oral ectoderm was occurring, overall SpOtx(a)
SpOtx proteins in embryo development, we generated anti-RNA levels were decreasing (Fig. 3). The preferential loss
bodies against recombinant proteins containing the N-termi-of SpOtx(a) transcripts from the aboral ectoderm could be
nal-speci®c sequences from SpOtx(a) or SpOtx(b). Immu-due to a cessation of transcription in that territory or en-
noblotting using these antibodies and proteins extracted fromhanced mRNA turnover or both.
S. purpuratus embryos showed that SpOtx(a) and SpOtx(b)SpOtx(b-1)/SpOtx(b-2) transcripts became detectable in
had the predicted sizes of 45 and 38 kDa, respectively (datathe early blastula where they were uniformly distributed
not shown). SpOtx(a) was present at low levels in the unfertil-(Fig. 5g) but by mesenchyme blastula stage 9 hr later, these
ized egg, accumulated severalfold until the blastula stage, andtranscripts were more prevalent in ectoderm compared to
then decreased in levels throughout the remainder of em-vegetal plate (Fig. 5h). During the next 12 hr transcripts
bryogenesis. In contrast, SpOtx(b) began accumulating at theappeared in the gut and were lost from aboral ectoderm so
late cleavage stage, reached peak levels at the gastrula stage,that in the gastrula, most of the transcripts were found in
and remained at those levels (data not shown).oral ectoderm and endoderm (Fig. 5i). Conclusive evidence
We determined the DNA-binding activities of the SpOtxthat the SpOtx signal was localized to oral ectoderm can
forms at different times during embryogenesis using bandbe seen when comparing adjacent sections hybridized with
the aboral ectoderm-speci®c Spec2a probe (Figs. 5e and 5j). shift analysis. Nuclear extracts from different embryonic
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stages were incubated with a probe that contained a multi-
merized Otx site from the Spec2a gene control region. Ex-
tracts from cleavage-stage embryos (6 hr after fertilization)
produced a single complex whose formation was blocked
by SpOtx(a) antibodies but not SpOtx(b) antibodies (Fig. 6).
At blastula stages (20 and 28 hr), two faster complexes were
observed in addition to the SpOtx(a) complex (Fig. 6). These
complexes did not form when SpOtx(b) antibodies were
added to the reaction but were unaffected by SpOtx(a) anti-
bodies. Gastrula-stage embryo extracts (36 hr) showed an
increase in the SpOtx(b) complexes and a decrease in the
SpOtx(a) complex (Fig. 6). We do not know why two com-
plexes were seen representing SpOtx(b) binding to the Otx
sites. It was possible that the fastest migrating form was a
degradation product. However, Sakamoto et al. (1997) also FIG. 7. Effects of overexpressing SpOtx(a) and SpOtx(b) mRNAs in
observed two late forms of Otx complexes in extracts from S. purpuratus embryos. The RT±PCR analysis showed that injection
of SpOtx(a) mRNA abolished the expression of SpOtx(b), whereasH. pulcherrimus embryos.
injection of SpOtx(b-1) mRNA had no effect on the expression of
SpOtx(a). Ubiquitin expression served as a normalization standard.
Overexpression of SpOtx(a) and SpOtx(b) in S.
purpuratus embryos
underexpress markers for oral ectoderm, endoderm, and pri-
Injection of SpOtx(a) mRNA into sea urchin eggs results mary mesenchyme cells (Mao et al., 1996). We extended
in an embryoid whose cells all take on the characteristics these overexpression experiments to determine the effects
of aboral ectoderm. The embryoid is an epithelial sphere all that SpOtx(a) overexpression would have on SpOtx(b) as
of whose cells overexpress aboral ectoderm markers and well as the effects that SpOtx(b) overexpression would have
on SpOtx(a). When SpOtx(a) mRNA was injected, embryos
were morphologically altered as previously reported and
SpOtx(b) expression was abolished as determined by an
RT±PCR assay (Fig. 7). Because there are three closely
placed Otx binding sites in the 5* untranslated region of
SpOtx(b-1)/SpOtx(b-2) (Fig. 2B), these results suggest that
SpOtx(a) may act directly to negatively regulate transcrip-
tion from this exon. In contrast, overexpression of SpOtx(b)
had no effects on SpOtx(a) expression nor on embryo devel-
opment (Fig. 7). These results showed that SpOtx(a) either
directly or indirectly was able to regulate the expression of
SpOtx(b) and implied that the two SpOtx forms have differ-
ent functional properties.
DISCUSSION
Evolution of the Otx Protein Family
We have shown that SpOtx(a) and SpOtx(b) are distinct
Otx proteins in the S. purpuratus embryo with different
temporal and spatial expression patterns and possibly differ-
ent functions in development. A similar ®nding has been
FIG. 6. DNA-binding activity of SpOtx(a) and SpOtx(b) during made by Sakamoto et al. (1997) concerning distinct Otx
embryogenesis. Nuclear extracts from embryos at cleavage (6 hr), forms in H. pulcherrimus. In S. purpuratus the Otx forms
early blastula (20 hr), late blastula (28 hr), and midgastrula were are generated by differential promoter utilization and alter-
incubated with an Otx-site probe, and protein±DNA complexes
native splicing and it is very likely that the same mecha-were separated by polyacrylamide gel electrophoresis. Lane 1, no
nisms generate the H. pulcherrimus Otx forms. The ge-extract; lanes 2±5, no serum; lanes 6±9, preimmune serum; lanes
nomes of both these sea urchin species contain only a single10±13, SpOtx(a) antibody; lanes 14±17, SpOtx(b) antibody. The
Otx gene, unlike the vertebrates, which have two.upper arrow indicates the SpOtx(a)-speci®c complex and the lower
arrow the SpOtx(b)-speci®c complexes. A comparison of Otx genes in different species reveals
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information as to their evolution. To date, Otx genes have oral ectoderm and endoderm territories. Based on these ex-
pression results, it appears that SpOtx(a) has an early func-been reported in humans, mice, frogs, zebra ®sh, ascidians,
sea urchins, fruit¯ies, and beetles (Simeone et al., 1993; tion not shared with SpOtx(b). However, by the late-blas-
tula/early-gastrula stage, all SpOtx transcripts are foundFinkelstein and Boncinelli, 1994; Mori et al., 1994; Pennese
et al., 1995; Gan et al., 1995; Li et al., 1996; Degnan et al., largely restricted to oral ectoderm and endoderm progeni-
tors, suggesting that SpOtx(a) and SpOtx(b) may have1996). Sea urchins and vertebrates are deuterostomes and
hence are evolutionarily more closely related to each other shared functions in later embryogenesis. While these func-
tions are unknown at present, the fact that later expressionthan to insects, which are protostomes. In Drosophila there
is a single orthodenticle gene and in Tribolium there are is largely con®ned to nonaboral ectoderm cells indicates
that SpOtx proteins are associated with more than just ab-two. It has been suggested that the last ancestor common
to vertebrates and insects had a single Otx gene whose prin- oral ectoderm differentiation.
Whether the three different SpOtx(b) transcripts are func-cipal function was in the speci®cation of anterior head
structures (Li et al., 1996). Within the arthropod lineage, tionally distinct is not known. All the SpOtx(b) transcripts
appear to accumulate with similar kinetics, although our anal-this gene acquired an additional function in cells at the
developing midline prior to the duplication that generated ysis would not distinguish minor differences. We have not
directly determined the localization of the individualthe two Tribolium genes. In deuterostomes, the gene dupli-
cation that gave rise to the vertebrate Otx1 and Otx2 genes SpOtx(b-1) and SpOtx(b-2) transcripts, so we cannot say for
certain that one of these forms is not in a subset of oral ecto-most likely occurred in the chordate lineage after it split
from echinoderms. Both vertebrate genes appear to be in- derm and/or endoderm cells, although we think this unlikely.
SpOtx(b-3) appears to be a very rare transcript, and attemptsvolved in anterior cephalic patterning, although their func-
tions are not identical (Acampora et al., 1995, 1996; Matsuo to determine its distribution have not been successful. Both
SpOtx(b-1) and SpOtx(b-3) served as ef®cient messages in anet al., 1995). Otx2 appears to also have a role in axis forma-
tion at gastrulation (Acampora et al., 1995, 1996). Moreover, in vitro translation analysis but this does not necessarily im-
ply that translational regulation does not occur in vivo. How-additional Otx gene duplications in vertebrate evolution
may have generated more divergent Otx-related genes such ever, since all three SpOtx(b) mRNAs appear to have the
same temporal and spatial expression patterns and encode theas P-Otx/Ptx1 (Szeto et al., 1996; Lamonerie et al., 1996).
The two Otx forms identi®ed in S. purpuratus and H. identical protein, it is unlikely that these transcripts have
different roles in development.pulcherrimus derive from a single gene and it is unlikely
that other closely related genes are present in the genomes In contrast to the SpOtx(b) transcripts, the differences in
the N-terminal sequences between SpOtx(a) and SpOtx(b)of these species. Sea urchins may have had two Otx genes
and lost one, or more likely, the gene duplication that gave readily suggest that individual functions may have evolved
for these proteins. However, we have not been able to distin-rise to the vertebrate Otx1 and Otx2 genes occurred after
the last common ancestor of sea urchins and vertebrates. guish differences in DNA binding between SpOtx(a) and
SpOtx(b), and both of the N-terminal regions along withSpOtx(b) and HpOtx2 share signi®cant homology with
Otx1 and Otx2 immediately upstream of their homeoboxes, the common C-terminal sequence contain strong transcrip-
tional activation domains as determined in a yeast-Gal4whereas this homology is not found in the corresponding
regions of SpOtx(a) and HpOtx1. Thus, by this criterion, transactivation assay (Mao et al., 1996 for SpOtx(a); C.K.C.,
unpublished results for SpOtx(b)). Nevertheless, thethe N-terminal regions of SpOtx(a) and HpOtx1 have arisen
independently of an Otx gene duplication. The SpOtx(a)- SpOtx(a)-speci®c sequence contains a tyrosine-rich stretch
not found in the SpOtx(b)-speci®c sequence that could servespeci®c exon could be the result of a genomic insertion or
alternatively could have originated de novo. If either event as a substrate for phosphorylation by a tyrosine kinase (Chu-
ang et al., 1996). Sakamoto et al. (1997) have presented evi-took place before the divergence of the lineages giving rise
to sea urchins and vertebrates, the vertebrate Otx genes dence that the SpOtx(a) homolog HpOtx1 exists as a phos-
phoprotein when complexed with DNA, whereas SpOtx(b)might contain a cryptic exon with sequence homology to
the N-terminal region of SpOtx(a). It would be of interest does not appear to be phosphorylated. The distinct SpOtx
N-termini could be the source of specialized interactionsto determine if an SpOtx(a)-speci®c sequence can be found
within the vertebrate Otx1 or Otx2 genes. with other proteins leading to differential modulation of
SpOtx function.
SpOtx(a) and SpOtx(b) in S. purpuratus
Possible Roles for SpOtx(a) during EarlySpOtx(a) mRNA and protein are found in unfertilized
Embryogenesiseggs and accumulate during early embryogenesis in all cells.
At later times, mRNA and protein levels decline and Previous work from our laboratory monitored the distribu-
tion of SpOtx proteins in development with an antibody thatSpOtx(a) is found predominately in oral ectoderm and endo-
derm territories. In contrast, SpOtx(b) mRNAs and protein recognized both SpOtx(a) and SpOtx(b) (Mao et al., 1996; Chu-
ang et al., 1996). These studies showed that, with the excep-accumulate signi®cantly later in development than
SpOtx(a), and SpOtx(b) transcripts accumulate solely in tion of a transient appearance in micromere nuclei, SpOtx is
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found in the cytoplasm and nuclear periphery of all cells dur- distal end of each of the ®ve pairs of ambulacral rows of
the postmetamorphic juvenile sea urchin (G. Wray, personaling the early cleavage stages but that, by the 60-cell stage,
translocation into nuclei has begun and, by the 120-cell stage, communication). These ambulacral rows are homologous
to the ®ve arms of the brittle star, and in this echinoderm,SpOtx is predominantly a nuclear protein. The time of SpOtx
nuclear translocation correlates very closely with the time Otx localizes to the distal tips of each arm. Based on our
expression data, it is likely that the Otx form in juvenilethat the aboral ectoderm-speci®c Spec2a gene is activated.
Moreover, a 78-bp DNA fragment containing two Otx sites and adult S. purpuratus is SpOtx(b), although this has not
been directly demonstrated. If true, SpOtx(b) may be in-from the Spec2a enhancer is suf®cient for aboral ectoderm
expression of a lacZ reporter gene (Mao et al., 1994). We specu- volved in establishing pattern on the oral side along the ®ve
ambulacral axes of the emerging juvenile sea urchin. Thislated that SpOtx was chie¯y responsible for the temporal acti-
vation of Spec2a but that by itself it was not responsible for would imply a patterning function in the adult sea urchin
body plan that would be roughly analogous to the anteriorregulating the aboral ectoderm-speci®c expression of Spec2a
since it was found in the nuclei of all cells at the end of the cephalic or axial patterning associated with Otx forms in
vertebrates and ¯ies. The role of SpOtx(b) in postlarval seacleavage stage (Mao et al., 1996). The ability of excess SpOtx
protein to convert all cells in the embryo to an aboral ecto- urchin development might re¯ect the changes in the basic
body plan that occurred during the evolution of echino-derm fate suggested the existence of an inhibitor of SpOtx
function in non-aboral ectoderm cell types that could by ti- derms (Davidson et al., 1995). In contrast, SpOtx(a) may
have been recruited for a highly specialized role in sea ur-trated by large amounts of SpOtx (Mao et al., 1996). From the
results presented here, SpOtx(a) is the predominant SpOtx chin embryogenesis that evolved sometime after the last
common ancestor to vertebrates and sea urchins.protein in the embryo at the time that Spec2a is activated.
We would thus predict that SpOtx(a) activity is differentially
modulated during the late-cleavage/early-blastula stages and
that it is able to activate Spec2a only in aboral ectoderm cells. ACKNOWLEDGMENTS
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